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A quadruple photoreceptor mutant still keeps track of time
Marcelo J. Yanovsky*, M. Agustina Mazzella and Jorge J. Casal
Time measurement and light detection are inextricably
linked. Cryptochromes, the blue-light photoreceptors
shared between plants and animals, are critical for
circadian rhythms in flies and mice [1–3]. WC-1, a
putative blue-light photoreceptor, is also essential for
the maintenance of circadian rhythms in Neurospora [4].
In contrast, we report here that in Arabidopsis thaliana
the double mutant lacking the cryptochromes cry1 and
cry2, and even a quadruple mutant lacking the red/
far-red photoreceptor phytochromes phyA and phyB as
well as cry1 and cry2, retain robust circadian rhythmicity.
Interestingly, the quadruple mutant was nearly blind for
developmental responses but perceived a light cue for
entraining the circadian clock. These results indicate
that cryptochromes and phytochromes are not essential
components of the central oscillator in Arabidopsis and
suggest that plants could possess specific photosensory
mechanisms for temporal orientation, in addition to
cryptochromes and phytochromes, which are used for
both spatial and temporal adaptation.
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Results and discussion
Circadian rhythm in the quadruple phyA phyB cry1 cry2
mutant
In Arabidopsis, the single mutants cry1, cry2, phyA or phyB
have extended circadian periods under particular light
conditions but are not arrhythmic [5]. In mice, single cry
mutants have altered circadian rhythms but only the
double mutant is arrhythmic, suggesting that cry1 and cry2
are partially redundant components of the mammalian cir-
cadian clock [2,3]. To investigate whether this was also
the case for cry and phy in Arabidopsis, we analysed the
circadian rhythm of leaf movement in mutants lacking
simultaneously cry1, cry2, phyA and phyB. In contrast to
what is observed in mice, we found that the cry1 cry2
double mutant of Arabidopsis retained strong circadian
rhythmicity (Figure 1a). Furthermore, we also observed a
robust circadian rhythm of leaf movement in the phyA
phyB double mutant (Figure 1a), and even in the phyA
phyB cry1 cry2 quadruple photoreceptor mutant (Figure 1).
Darkness lengthens the period of some rhythmic
responses in Arabidopsis [6], yet the absence of four major
photoreceptors did not mimic this effect. Plant and animal
cryptochromes have apparently evolved independently
from photolyases [7] and, although they have converged to
control the circadian clock, they still retain divergent roles.
In mice and flies, cryptochromes are critical for circadian
rhythms, either as central components of the clock [8] or
as exclusive input photoreceptors [1,9]. In plants, on the
other hand, cry1 and cry2 (as well as phyA and phyB) are
not essential components of the circadian clock (Figure 1).
Resetting a circadian rhythm in the phyA phyB cry1 cry2
mutant
Leaf movement in Arabidopsis results from differential cell
expansion in the organ [10]. The circadian rhythm of leaf
movement observed in the quadruple photoreceptor
mutant suggests that different groups of cells were syn-
chronised either by the light/dark cycles or by a signal
generated during imbibition of the seeds [11]. To specifi-
cally investigate the effect of light on the quadruple
mutant (Figure 2), seedlings were grown under 12 hours
light/12 hours dark cycles and subsequently transferred to
the complementary condition (12 hours dark/12 hours
light). The opposite photoperiod resulted in an antiphasic
rhythm in both wild-type and phyA phyB cry1 cry2 seedlings,
indicating that the quadruple mutant was able to perceive
the light cue that resets the central oscillator. Such a strik-
ing result was to some extent unexpected given the nearly
blind nature of phyA phyB cry1 cry2 seedlings for other
developmental processes, such as de-etiolation (Figure 3).
The quadruple mutant adult plant never reached a pheno-
type similar to the wild type. Plants, like non-photosyn-
thetic organisms, could posses photoreceptors specifically
involved in photoentrainment. The recently discovered
ZTL and FKF1 proteins are likely candidates, given their
homology to a group of blue-light responsive molecules
[12,13]. The ztl mutant is affected in circadian photo-
entrainment but has only minor effects on photomorpho-
genesis [12]. Low-abundance phytochromes (that is, phyD,
phyE, phyC) are also potential candidates. These phy-
tochromes have weak effects on seedling morphology and
(at least in the case of phyD and phyE) more obvious
influence on flowering time [14,15], a process strongly
dependent on circadian rhythmicity [16].
Visual pigments are not involved in resetting circadian
rhythms in mammals [17] and probably have only indirect
effects through behaviour in flies [9]. In plants, ‘visual’
pigments like phytochromes and cryptochromes regulate
circadian rhythms [5,18] in addition to putative clock-
specific photoreceptors [12,13]. This repertoire of photo-
receptors would ensure entrainment under the wide range
of light environments that plants, as sessile organisms,
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Figure 2
Light entrainment of the circadian clock in wild-type and phyA phyB
cry1 cry2 mutant seedlings. After 1–2 weeks under a 12 h light/12 h
dark regime, half of the seedlings were transferred for 1–2 weeks to the
opposite photoperiod, that is, 12 h dark/12 h light. All the seedlings
were finally transferred to continuous dim white light where the leaf
movement rhythm was analysed (open squares, 12 h light/12 h dark;
filled squares, 12 h dark/12 h light). Data are means and standard errors
of at least eight plants and three independent experiments.
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Figure 3
De-etiolation in wild-type, cry1 cry2, phyA phyB, and phyA phyB cry1
cry2 mutant seedlings. The seedlings were grown either in complete
darkness (wild type, left panel) or under continuous white light (right
panel) for 1 week. The average hypocotyl length (± SE) for the dark
controls were: wild type, 13.8 ± 0.4; cry1 cry2, 12.7 ± 0.5; phyA
phyB, 14.3 ± 0.8; phyA phyB cry1 cry2, 14.9 ±0.7; and in white light:
wild type, 2.4 ±0.1; cry1 cry2, 5.9 ± 0.2; phyA phyB, 7.8 ± 0.5; phyA
phyB cry1 cry2, 14.6 ± 0.5.
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Figure 1
Circadian rhythms in Arabidopsis
photoreceptor mutants. (a) Leaf movement
rhythm in wild-type seedlings of A. thaliana as
well as in cry1 cry2, phyA phyB, and phyA
phyB cry1 cry2 mutants. The seedlings were
grown under a 12 h light/12 h dark regime
(50 µmol m–2 sec–1) for 2–4 weeks and then
transferred to continuous dim white light
(10 µmol m–2 sec–1) where the angle
between the first pair of leaves was measured
every 2 h for 4 days. Periods in hours
(± SEM): wild type, 25.3 ± 0.4; phyA phyB,
24.7 ± 0.3; cry1 cry2, 26.2 ± 0.3; phyA phyB
cry1 cry2, 26.0 ± 0.5. Mean period estimates
were obtained by fitting a modified cosine
wave function to the time series of each
seedling [6]. Data are means and standard
errors of at least eight plants and three
independent experiments. (b) The phyA phyB
cry1 cry2 quadruple photoreceptor mutant
after transfer from a 12 h light/12 h dark regime
to continuous light.
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have to face throughout their life cycle, and would account
for the remarkable homeostasis against mutations in
phototransduction pathways observed in Arabidopsis.
Materials and methods
Plant material and growth conditions 
The wild type used in this study was Landsberg erecta. The phyA-201
phyB-1 mutant has been described elsewhere [19]. The cry2-1 mutant
[20] was crossed with cry1-1 [21] and phyA-201 phyB-1 cry1-1 [19].
The cry1 cry2 and phyA phyB cry1 cry2 mutants were screened in the
segregating populations by the phenotypes under red, far-red and blue
light [19] in successive generations, and confirmed by PCR tests. The
seedlings were grown at 20°C in growth chambers where temperature
fluctuations were ± 0.1°C. These fluctuations were independent of the
daily cycles of illumination. 
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